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Avoided ferromagnetic quantum critical point in pressurized La5Co2Ge3
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We present the pressure-temperature phase diagram La5Co2Ge3 up to ∼5 GPa, which was constructed from
magnetization, resistivity, and specific heat measurements. At ambient pressure, La5Co2Ge3 is an itinerant
ferromagnet with a Curie temperature TC ∼ 4 K. Upon increasing pressure up to ∼1.7 GPa, TC is suppressed
down to ∼3 K. Upon further increasing pressure, our results suggest that La5Co2Ge3 enters a different low-
temperature ground state. The corresponding transition temperature T ∗ has a nonmonotonic pressure dependence
up to ∼5 GPa. Our results demonstrate that the ferromagnetic quantum critical point in La5Co2Ge3 is avoided
by the appearance of a different, likely magnetically ordered, state that has an antiferromagnetic component.
DOI: 10.1103/PhysRevB.103.054419
I. INTRODUCTION
Suppressing a second-order phase transition to zero tem-
perature has been of great interest since exotic physical
phenomena, such as unconventional superconductivity, heavy
Fermi liquids, etc., are often found in the proximity of the
quantum critical point (QCP) [1–5]. Whereas antiferromag-
netic (AFM) transitions in many metals can be continuously
suppressed to zero temperature by a nonthermal tuning pa-
rameter, such as pressure, chemical substitution, or magnetic
field [6,7], striking differences are observed when suppressing
ferromagnetic (FM) transitions in metals. Current theoret-
ical models suggest that, when tuning a second-order FM
transition in metals towards zero temperature, the quantum
criticality is avoided for general reasons. Possible predicted
outcomes in clean metallic systems include the cases in
which, when tuning a second-order FM transition towards
zero temperature, either the FM transition becomes first order
through a tricritical point or a long-wavelength AFM phase
appears [8–15]. Whereas a first-order FM transition was ex-
perimentally verified in several metallic systems [13,16–21],
a modulated magnetic phase was observed in only a few com-
pounds [13,22–24]. In contrast, it was found that in disordered
systems the FM transition remains continuous to low temper-
atures [13]. Furthermore, a recent theoretical work proposed
that a FM QCP can be realized even in a clean system when
the system is noncentrosymmetric with a strong spin-orbit
interaction [25]. The multiplicity of possible scenarios in
itinerant ferromagnets motivated our search for new metallic
ferromagnets in which the (avoided) ferromagnetic critical-
ity is experimentally accessible by using a tuning parameter




As part of an ongoing search for fragile magnetic ordering
[5], we recently discovered the itinerant, ferromagnetic com-
pound La5Co2Ge3 [26]. La5Co2Ge3 belongs to the R5Co2Ge3
(R = La–Sm) family, which crystallizes in a monoclinic
structure (C2/m space group) [27]. At ambient pressure,
thermodynamic, transport, and muon spin relaxation (μSR)
measurements showed that La5Co2Ge3 undergoes a FM tran-
sition at TC  3.8 K. In addition, the magnetism associated
with La5Co2Ge3 was found to be itinerant with a low-field
saturated moment of ∼0.1μB/Co. These properties make
La5Co2Ge3 a rare, small-moment, low-TC compound, which
is a promising candidate material for tuning the FM transition
towards even lower temperatures.
Motivated by this discovery, in this work we investigate
the pressure-temperature phase diagram of La5Co2Ge3 up to
5.12 GPa. To this end, magnetization, resistivity, and specific
heat measurements were performed under pressure. Our study
demonstrates that TC is suppressed from ∼4 to ∼3 K upon
increasing pressure up to ∼1.7 GPa. Upon further increas-
ing pressure, different resistive and specific heat features are
observed. Our results suggest that La5Co2Ge3 enters a dif-
ferent, likely magnetic, low-temperature ground state that has
an antiferromagnetic component. Therefore, La5Co2Ge3 is
another example in which ferromagnetic criticality in metals
is avoided by the occurrence of a new phase.
II. EXPERIMENTAL DETAILS
Single crystals of La5Co2Ge3 were grown using the flux
method described in Ref. [26]. Low-field (25 Oe) dc mag-
netization measurements on a crystal (with magnetic field
applied along a random orientation) under pressure were per-
formed in a Quantum Design magnetic property measurement
system (MPMS-3) superconducting quantum interference de-
vice magnetometer. The measurements were performed on
warming after zero-field cooling from above the magnetic
and superconducting transitions of La5Co2Ge3 and the Pb
manometer, respectively. A commercially available HDM
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Be-Cu piston-cylinder pressure cell [28] was used to apply
pressures up to ∼1 GPa. Daphne Oil 7373, which solidifies at
∼2.2 GPa at room temperature [29], was used as a pressure
medium, ensuring hydrostatic conditions during the pressure
change (see below for details). The superconducting transition
temperature of elemental Pb was used as a low-temperature
manometer [30].
The resistivity measurements with current applied along
the crystallographic b ( j‖b) and c ( j‖c) directions were per-
formed in a Quantum Design physical property measurement
system (PPMS) using a 1-mA excitation with frequency of
17 Hz on cooling using a rate of −0.25 K/min. A standard
linear four-terminal configuration was used. The magnetic
field was always applied perpendicular to the bc plane (i.e.,
along the a∗ direction), along which direction the largest sat-
urated magnetization was observed at ambient pressure [26].
To apply pressures up to ∼2.3 GPa, a Be-Cu/Ni-Cr-Al hybrid
piston-cylinder cell (PCC), similar to the one described in
Ref. [31], was used. A 4:6 mixture of light mineral oil:n-
pentane, which solidifies at room temperature in the range of
3–4 GPa [31–33], was used as a pressure medium. To apply
higher pressures, up to ∼5.1 GPa, a modified Bridgman anvil
cell (MBAC) [34] was used. A 1:1 mixture of isopentane:n-
pentane, which solidifies at ∼6.5 GPa at room temperature
[33], was used as the pressure medium for the MBAC. For
both types of pressure cells, pressure values at low tempera-
ture were inferred from Tc(p) of lead [35,36].
Specific heat measurements under pressure up to ∼2.4 GPa
were performed using an AC calorimetry technique in a
PPMS. Details of the setup used and the measurement pro-
tocol are described in Ref. [37]. The same PCC with the same
pressure medium and low-temperature pressure gauge as in
resistivity measurements was used.
For all measurements under pressure, the pressure was
changed at room temperature and locked by tightening a
locknut. The pressure variation across the Pb manometer at
low temperature can be estimated from the increase of the
superconducting transition width with pressure, which can be
as large as 0.06 GPa depending on the cell and absolute pres-
sure. Specifically, for the HDM cell, the PCC, and the MBAC
with maximum pressures up to ∼1, ∼2.3, and ∼5.1 GPa, the
pressure variations are up to ∼0.01, ∼0.01, and ∼0.06 GPa,
respectively. The measurement results shown and discussed
in the main text are taken upon increasing pressure. Data
taken upon decreasing pressure are shown and discussed in
the Appendix.
III. RESULTS AND DISCUSSION
Figure 1 shows the temperature-dependent magnetization
M(T ) under pressures up to 0.99 GPa. The sharp onset of the
diamagnetism at ∼7 K is associated with the superconduct-
ing transition of elemental Pb, which was used to determine
the low-temperature pressure. With decreasing temperature, a
rapid increase in the magnetization is observed at ∼4 K for
all pressures, which is associated with a FM ordering. The
transition temperature TC is determined from the intersection
of the two dashed lines, as indicated in Fig. 1. The dashed
line on the low-temperature side corresponds to a line which
goes through the point of maximum slope of M(T ) and whose
FIG. 1. Temperature dependence of the magnetization M(T ) af-
ter zero-field cooling of La5Co2Ge3 (sample S1) under hydrostatic
pressures up to 0.99 GPa in a HDM Be-Cu piston-cylinder pressure
cell with an applied field of 25 Oe. The superconducting transition of
elemental Pb, which gives rise to the sharp drop in the magnetization
at T ∼ 7 K, is used to determine the low-temperature pressure values.
The criterion for the determination of the ferromagnetic transition TC
is indicated by the dashed lines and arrow (see text for details).
slope corresponds to this maximum slope. The dashed line on
the high-temperature side is a linear fit to the M(T ) data in
a 1 K temperature window below the Pb Tc and above the
sharp increase in M. In order to estimate the uncertainty of
our TC determination, we have used multiple 1 K windows
in this limited temperature range. TC is suppressed from ∼4
to ∼3.8 K upon increasing pressure from 0.16 to 0.99 GPa.
Finally, the decrease in M below ∼3 K, observed in low-field
magnetization measurements after zero-field cooling, could
be related to the formation of ferromagnetic domains in the
crystal.
To investigate the phase diagram to higher pressure, resis-
tivity measurements for several specimens were performed
utilizing different pressure cells. Specifically, samples S2,
S3, and S4 were measured in the PCC, the MBAC, and the
PCC with j‖c, j‖c, and j‖b, respectively. The results are
summarized and presented in Fig. 2. At ambient pressure, in
agreement with Ref. [26], for resistivity measured with j‖b
and j‖c, a sharp drop in resistivity is observed at T ∼ 4 K,
which is associated with the FM transition. In addition, the
c-axis resistivity shows a downturn curvature (d2ρ/dT 2 < 0)
for T > TC [see Fig. 2(a), inset], whereas the b-axis resistivity
shows an upturn curvature (d2ρ/dT 2 > 0) for TC < T  50 K
[see Fig. 2(c), inset], suggesting an anisotropic behavior of the
c-axis and b-axis resistivity.
For all measured samples, La5Co2Ge3 shows metallic be-
havior in the whole studied pressure range. For sample S2
measured in the PCC [see Fig. 2(a)], the sharp drop in resis-
tivity, associated with the FM transition, persists to pressures
as high as 1.64 GPa. The ferromagnetic transition temperature
TC is determined from the intersection of the two dashed lines,
as indicated in Fig. 2(a). The dashed lines are drawn in the
same way as described above (with multiple 1 K windows
054419-2
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FIG. 2. Resistivity measurements under pressure on La5Co2Ge3.
Low-temperature resistivity ρ(T ) (a) for sample S2 measured in a
piston-cylinder cell with current applied along c, (b) for sample S3
measured in a modified Bridgman anvil cell with current applied
along c, and (c) for sample S4 measured in a piston-cylinder cell with
current applied along b. Insets: ρ(T ) curves in the full temperature
range up to 300 K. Criteria for the determination of the ferromagnetic
transition temperature TC and the transition temperature into the new
ground state T ∗ are indicated by dashed lines and arrows (see text for
details). Data curves in the main panels of (a) and (c) are shifted up
by 2 μ cm for clarity.
on the high-temperature side over the temperature range of
5–10 K to obtain the uncertainties). Using this criterion, we
infer that TC is suppressed from ∼4 to ∼3.4 K upon increasing
pressure from 0 to 1.64 GPa. At 1.97 GPa, an anomaly with a
different shape is observed at low temperatures. Upon cooling
through T ∼ 6 K, the resistivity shows a broad increase which
is suggestive of superzone-gap formation due to the Fermi
surface nesting [38–40]. This feature implies that at 1.97 GPa,
La5Co2Ge3 enters a low-temperature ground state below T ∗
(defined below), which is different from the FM state at lower
pressures. It appears likely that this new state is characterized
by an antiferromagnetic component that partially gaps the
Fermi surface, which results in an increase of the resistivity
upon cooling [38–40]. This superzone-gap-like feature in the
resistivity is observed in all temperature-dependent data sets
under pressures between 1.97 and 5.12 GPa [see Fig. 2(b)
for data on sample S3 for p  2.74 GPa taken in the MBAC
with j‖c].
The transition temperature T ∗, which is associated with the
transition into this new state, is determined from the follow-
ing construction of three lines in the low-, intermediate- and
high-temperature regimes, as indicated in Figs. 2(a) and 2(b).
The low- and high-temperature lines are linear fits to the ρ(T )
data in these temperature regimes, whereas the intermediate-
temperature line goes through the point of maximum slope of
ρ(T ), and the slope corresponds to this maximum slope. T ∗
is determined as the midpoint of the two intersection points of
the dashed lines, and the uncertainties of T ∗ are obtained from
the temperature difference of the two intersections points.
Upon increasing pressure, T ∗ first increases from ∼4.0 K
(2.74 GPa) to ∼7.4 K (4.10 GPa), then decreases to ∼6.3 K
(4.73 GPa), and finally increases again slightly to ∼6.4 K
(5.12 GPa). We further point out that no clear hysteresis was
observed for the new resistive feature upon cooling and warm-
ing [see Fig. 6(b), inset].
For sample S4, measured with j‖b, for all data sets under
pressure up to 2.30 GPa, resistivity decreases monotonically
upon cooling from high temperatures, until it shows a sharp
drop in resistivity when cooling through the phase transitions
TC and T ∗ [see Fig. 2(c)]. In addition, the overall behavior of
ρ(T ) does not change over the studied full pressure range for
sample S4 measured with j‖b. The corresponding transition
temperature TC (T ∗) is determined from the intersection of the
two dashed lines (drawn in the same way as described above),
as indicated in Fig. 2(c). This observation shows that the
resistivity at the T ∗ phase transition displays a distinct direc-
tional anisotropy; that is, resistivity increases (decreases) upon
cooling through T ∗ along the c (b) direction. Such anisotropic
resistivity behavior is also observed in other superzone-gap
systems [38–40]. The proposed superzone-gap formation out-
lined above is consistent with the j‖c and j‖b anisotropy of
the resistive feature at T ∗ where the Fermi surface nesting
wave vector is along the c direction.
To further study the pressure effect on La5Co2Ge3 from
a thermodynamic perspective, specific heat measurements
under pressure were performed. Figure 3 presents the spe-
cific heat divided by temperature, Cp/T , as a function of
temperature for different pressures. At the lowest pressure
measured (0.25 GPa), a clear λ-shape anomaly is observed at
∼3.3 K, which is associated with the ferromagnetic transition.
The shape of the anomaly is consistent with the second-
order nature of the transition [26]. At 0.62 GPa, the λ-shape
anomaly is suppressed to lower temperature at ∼3 K and
becomes significantly broader. In addition, a second fea-
ture at slightly lower temperature (∼2.6 K), the origin of
which is unclear, is observed only for this pressure. We
point out that in the resistivity measurements, shown in
Fig. 2, such a second feature at a similar pressure and tem-
perature is not observed. We therefore did not include the
second feature at 0.62 GPa in the pressure-temperature phase
diagram. At 0.98 GPa, a single, broad anomaly is observed.
For 1.18 GPa  p  1.41 GPa, Cp/T displays a continuous,
054419-3
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FIG. 3. Evolution of the temperature-dependent specific heat
over temperature Cp/T of La5Co2Ge3 with pressure up to 2.44 GPa
in a piston-cylinder cell for sample S5. Criteria for the determination
of the ferromagnetic transition temperature TC and the transition
temperature into the new ground state T ∗ are indicated by dashed
lines and arrows (see text for details). Data curves are shifted down
by 0.03 J mol/K2 for clarity.
smooth change upon cooling. The reason for the absence of
a clear thermodynamic feature in this pressure range despite
the presence of clear resistive features, as presented above, is
presently unknown. We speculate that in this pressure range,
the change in entropy associated with the magnetic transition
is broad in temperature, and thus, the specific heat feature
is not resolvable from the nonmagnetic background contribu-
tion. For p  1.64 GPa, a broad humplike feature is observed
at ∼6 K. Based on our previously described observations in
resistivity measurements, we associate this broad specific heat
feature with the phase transition into the new type of order at
high pressures. Thus, our thermodynamic specific heat mea-
surements are consistent with the proposal that La5Co2Ge3
enters a new state in the high-pressure, low-temperature re-
gion. The corresponding transition temperatures, TC and T ∗,
are determined from the intersections of the three dashed
lines, as indicated in Fig. 3 [constructed following the same
method as the lines constructed above in resistivity measure-
ments shown in Fig. 2(b)].
The transition temperatures, TC and T ∗, as determined from
the magnetization, resistivity, and specific heat measurements,
are used to construct a pressure-temperature (p-T ) phase
diagram, as shown in Fig. 4. Overall, three phase regions
exist in the studied p-T phase space and are separated by
the determined phase transition lines TC(p) and T ∗(p). At
high temperatures, La5Co2Ge3 is in the paramagnetic (PM)
state. In the low-temperature (below TC) and low-pressure
(p  1.7 GPa) region, La5Co2Ge3 is in the ferromagnetic
state. The transition temperature TC is suppressed from ∼4.0
to ∼3.3 K upon increasing pressure from 0 to ∼1.7 GPa.
In the low-temperature (below T ∗) and high-pressure (p 
1.7 GPa) region, La5Co2Ge3 shows a different type of order.
The transition temperature T ∗ may manifest a nonmonotonic
dependence on p.
FIG. 4. Pressure-temperature (p-T ) phase diagram of
La5Co2Ge3, as determined from magnetization (sample S1),
resistivity (samples S2, S3, S4), and specific heat (sample S5)
measurements. Transition temperatures TC (blue symbols) and T ∗
(red symbols) are determined using the criteria shown in Figs. 1–3.
The determination of the error bars of the transition temperatures is
described in detail in the text. The blue shaded region corresponds
to the region of ferromagnetic (FM) order, and the red shaded region
corresponds to the region of a new type of order. PM stands for
paramagnetic.
To further investigate the nature of the new type of order at
high pressures and low temperatures, we studied the response
of the superzone-gap feature to external magnetic fields.
Figure 5 presents the temperature-dependent resistivity ρ(T )
in magnetic fields up to 90 kOe, applied perpendicular the bc
plane, for sample S2 at 0 and 1.97 GPa. At low pressures,
when magnetic field is increased, the resistive anomaly broad-
ens and shifts to higher temperature. This is consistent with
the expectation when the external magnetic field is applied
along the ferromagnetic easy axis [26]. At high fields, the
ρ(T ) behavior is consistent with La5Co2Ge3 undergoing a
FIG. 5. Temperature-dependent resistivity of La5Co2Ge3 in
magnetic fields up to 90 kOe (field was always applied perpendicular
to the bc plane) for sample S2 at (a) 0 GPa and (b) 1.97 GPa. Current
is applied along the crystallographic c axis.
054419-4
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crossover to a fully spin polarized state upon cooling. At high
pressures, where our data demonstrate a phase transition into
a state with a different type of order, the resistive anomaly
is broadened with applying magnetic field, but the apparent
transition temperature does not shift very much for low fields.
At high fields, the resistivity displays a similar temperature
dependence compared to that at low pressures and under high
magnetic fields. The data in Fig. 5(b), then, are consistent with
a low-field antiferromagnetic state that becomes a high-field
spin-polarized state when the external field is applied along
the antiferromagnetic hard axis.
IV. CONCLUSION
In summary, magnetization, resistivity, and specific heat
measurements under pressure up to 5.12 GPa were performed
on single-crystalline La5Co2Ge3. The ambient-pressure fer-
romagnetic transition temperature TC is suppressed upon
increasing pressure up to ∼1.7 GPa. Instead of TC being
suppressed further upon increasing pressure beyond 1.7 GPa,
we find that La5Co2Ge3 enters a different low-temperature
ground state. The transition temperature T ∗ into the new state
has a nonmonotonic dependence on p up to 5.12 GPa. Overall,
our study shows that La5Co2Ge3 manifests another example
of avoided ferromagnetic quantum criticality in a metallic
system via the appearance of a new ordered state. Based on
our transport data in zero and finite field, it seems likely that
this new type of order is magnetic in nature with an antifer-
romagnetic component. To clarify the exact nature of the new
phase, microscopic studies, such as neutron scattering or μSR
under pressure, would be needed.
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APPENDIX
In the following, we present results of further resistivity
measurements on La5Co2Ge3 under increasing and decreas-
ing pressure. These measurements indicate that whereas
La5Co2Ge3 enters into a new state in the high-pressure,
low-temperature region, the exact critical pressure, which sep-
arates the FM and the new ground state, as well as transition
temperature T ∗, can vary somewhat from sample to sample
and depends on the history of pressure change.
In the main text, Fig. 2(a) shows ρ(T ) for sample S2 mea-
sured in the PCC with j‖c where pressure is monotonically
increased to 1.97 GPa. Further measurements on this sample
were performed where pressure was changed nonmonotoni-
cally after 1.97 GPa, and the results are shown in Fig. 6(a).
We start our discussion at 1.97 GPa, where we find clear
FIG. 6. Temperature-dependent resistivity for samples (a) S2 and
(b) S6 of La5Co2Ge3 measured with current applied along the c
direction in the piston-cylinder cell where pressure is changed in
a nonmonotonic way. Solid (open) symbols correspond to pressure
increase (decrease) from a previous measurement. The correspond-
ing pressure change sequences are indicated by arrows. Inset:
Temperature-dependent resistivity for sample S6 at 2.44 GPa mea-
sured upon cooling and warming with the temperature change rate of
0.25 K/min.
FIG. 7. Pressure-temperature (p-T ) phase diagrams of
La5Co2Ge3 determined from measurements on (a) sample S2,
(b) sample S6, and (c) samples S2, S3, and S6. Solid (open) symbols
correspond to data that were obtained after increasing (decreasing)
pressure with respect to the previous measurement. Numbers in
(a) indicate the sequence of pressure change.
054419-5
LI XIANG et al. PHYSICAL REVIEW B 103, 054419 (2021)
evidence of the superzone-gap-like feature in resistivity and
now turn to the next pressure point, which was obtained by
decreasing pressure to 1.78 GPa. This results, as expected,
in a phase transition back into the FM state at low temper-
atures. Increasing pressure again to 2.30 GPa leads, again,
to the observation of the superzone-gap-like feature. Then,
surprisingly, when reducing the pressure back to 2.20 GPa,
we observe a resistive behavior which we would associate
with the low-pressure behavior of FM ordering instead of the
superzone-gap-like feature. We would not have expected this
result based on our phase diagram. These data suggest that the
pressure history seems to affect the critical pressure.
To investigate the dependence of the critical pressure in a
more systematic way, sample S6 was measured in the PCC
with j‖c, where pressure is first monotonically increased and
then monotonically decreased. The ρ(T ) data for selected
pressures are presented in Fig. 6(b). We point out that S6 has
a higher residual resistivity ρ0 than other measured samples,
indicating a somewhat higher level of disorder in this sample.
At low pressures, ρ(T ) displays a sharp drop upon cooling,
which corresponds to the FM transition. With increasing pres-
sure to 1.41 GPa and higher, a clear increase in ρ upon cooling
is observed, suggesting that La5Co2Ge3 enters into the new
ordered state. In addition, at 2.44 GPa, when La5Co2Ge3
displays the new resistive feature, no clear hysteresis was
observed upon cooling and warming [see Fig. 6(b), inset].
When pressure is monotonically decreased from the highest
pressure, we see that at 1.63 GPa, the superzone-gap-like
feature is lost, and a sharp drop in the resistive anomaly, which
we associate with the FM transition, is observed. Upon further
decreasing pressure, sample S6 stays FM at low tempera-
ture. These measurement results demonstrate that the critical
pressure upon increasing and decreasing pressure is clearly
different for S6 (∼1.41 and ∼1.63 GPa with increasing and
decreasing pressure). We further point out that even upon
increasing pressure, the critical pressure for S6 (∼1.41 GPa)
is lower than that for S2 (∼1.7 GPa).
The corresponding transition temperatures TC and T ∗, de-
termined from the measurements on samples S2 and S6,
are summarized in Figs. 7(a) and 7(b), respectively. The
transition temperatures determined from resistivity measure-
ments with j ‖ c (samples S2, S3, and S6), where pressure
is monotonically increased, are plotted in Fig. 7(c) together
for comparison. Whereas the pressure dependences of the
FM transition temperature TC agree well with each other for
all different samples and experiments, the critical pressure
varies from sample to sample and depends on the history
of pressure change. In addition, the corresponding transition
temperature T ∗ also varies (T ∗ is ∼4.6 K and ∼7.8 for S2 and
S6, respectively, at a pressure of ∼2 GPa). Overall, whereas
the basic features of the p-T phase diagram of La5Co2Ge3
are robust among all measurements (i.e., La5Co2Ge3 is fer-
romagnetic in the low-temperature, low-pressure region and
enters into a new state in the low-temperature, high-pressure
region), the sensitivity of the pressure-induced transition to
the superzone-gapped state to the pressure history as well
as possibly small differences in degrees of disorder sug-
gests that there are parameters influencing the precise values
of the critical pressure as well as T ∗ that still need to be
understood.
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